Mycobacterium tuberculosis (MTb) kills approximately 2 million people each year. MTb must drive host tissue destruction to disseminate and also to cause pulmonary cavitation. Matrix metalloproteinase-9 (MMP-9, gelatinase B) is implicated in this Tb-related immunopathology. We demonstrate that conditioned media from MTbinfected monocytes (CoMTb), but not direct infection with MTb, up-regulates MMP-9 gene expression and secretion from primary human bronchial epithelial cells (NHBE). MMP-9 secretion was increased 8.7-fold by CoMTb (P , 0.05) as assayed by gelatin zymography. A549 and 16HBE14o epithelial cell MMP secretion was significantly less than primary NHBE secretion. MMP-9 secretion was decreased 53.2% by inhibition of the p38 mitogen-activated protein kinase (MAPK) by SB203580 (P , 0.01) and 48.3% by inhibition of extracellular signal-regulated kinase with PD98059 (P , 0.05). MMP-9 secretion was prostaglandin independent. TNF-a was necessary but not sufficient for MMP-9 up-regulation by the monocyteepithelial cell network. Soluble factors derived from Tb culture synergized with TNF-a to increase MMP-9 secretion by NHBE 6-fold (P , 0.01 compared with either stimulus alone). Together, these data reveal a new mechanism by which host-and pathogen-derived factors act together in MTb infection to drive MAPK-dependent MMP-9 secretion from respiratory epithelial cells.
Mycobacterium tuberculosis (MTb) is one of the most successful human pathogens, killing over 2 million people a year and infecting a third of the world's population (1) . MTb disseminates from an initial seeding site to initiate a host response that results in an inflammatory lesion within the lung apex which ultimately cavitates (2) . Once cavitary disease develops, MTb proliferates exponentially, uncontrolled by the immune system, and is able to spread to new hosts (3) . The mechanisms whereby MTb penetrates the lung's immune defenses and subverts the immune response to drive cavity formation are poorly understood (4), in part because immunopathology in the mouse model differs significantly from human disease (5, 6) . Though the mouse is an invaluable model of immunity to MTb and has provided valuable insights into key aspects of disease immunopathology (7, 8) , mice develop progressive pulmonary fibrosis, in contrast to human disease, which is primarily cavitatory.
Consideration of the pulmonary extracellular matrix (ECM) predicts the involvement of matrix metalloproteinases (MMPs) in MTb-induced immunopathology, since they cleave collagen and elastin, the major structural fibrils of the lung (9) . MMPs are a family of proteolytic enzymes that collectively may degrade all components of the ECM (10) . In addition, MMPs have key roles in immunity; their functions include chemokine processing and pro-defensin activation (11) . Excess MMP-9 (gelatinase B) activity is implicated in both animal models of destructive pulmonary pathology (12) and human emphysema (13) (14) (15) . MMP-9 degrades denatured collagen (gelatin) and may act as an elastase (16) . MMP-9 also cleaves cytokines and chemokines to modulate their activity, and thus may be a tuner and amplifier of immune responses (17) .
MMP-9 is implicated in the immunopathology of Tb. For example, in Tb meningitis, cerebrospinal fluid MMP-9 concentrations are related to markers of disease severity (18) . Increased MMP-9 levels have been demonstrated in MTb-infected mice and in patients' bronchoalveolar lavage fluid, pleural fluid, and in the systemic circulation (19) (20) (21) (22) . Pulmonary epithelial cells potentially represent a major source of MMPs as they compromise approximately 25% of the total cell number in the lung (23) . Primary normal human bronchial epithelial cells (NHBE) secrete MMP-9 (24) , and LPS stimulation increases MMP-9 mRNA levels and secretion (25) . MMP secretion is regulated by the prostaglandin (PG) and mitogen-activated protein kinase (MAPK) pathways (26, 27) . However, regulation of MMPs is both cell and stimulus specific; for example, while PGE 2 accumulation increases MMP-1 secretion by monocytes (28) , in fibroblast-like synoviocytes PGE 2 inhibits MMP-1 release (29) . The signaling pathways regulating MMP-9 secretion by pulmonary epithelial cells have not been fully dissected, though a single study suggests that up-regulation by proteinase-activated receptor-2 activation is extracellular signal-regulated kinase (ERK) MAPK dependent (30) .
In this study, we investigate the hypothesis that MTb drives excess MMP-9 secretion by pulmonary epithelial cells to cause tissue destruction. We demonstrate that MTb up-regulates human epithelial cell MMP-9 secretion via a monocyte-dependent network, but not by direct infection. MMP secretion by epithelial cell lines, A549 and 16HBE14o, is significantly different from secretion by primary cells, with less MMP-9 production. MMP-9 up-regulation by CoMTb is p38 and ERK MAPK dependent, but PG independent. TNF-a is a key cytokine mediating the intercellular signal and acts in synergy with MTb-derived factors to cause maximal MMP-9 up-regulation. These data reveal a novel mechanism whereby interaction of host-and pathogen-derived soluble factors drives MMP-9 secretion, potentially favoring bacterial dissemination and tissue destruction.
This work has been previously presented in part in the form of an abstract (31) .
MATERIALS AND METHODS

Reagents
General laboratory reagents were purchased from Sigma (Poole, UK). All cytokines and inhibitory antibodies were obtained from Peprotec (London, UK). SB203580 and PD89059 were purchased from Merck (Nottingham, UK). MMP-9 antibody for Western blotting was from the Binding Site (Birmingham, UK) and MTb culture reagents were from BD Biosciences (Oxford, UK). Ficoll Paque was purchased from Amersham Biosciences (Little Chalfont, UK). Lipoarabinomannan (manLAM from M. tuberculosis H37Rv) was a kind gift of the Department of Microbiology, Colorado State University, Fort Collins. The sources of other specific reagents are given where appropriate below.
MTb Culture
M. tuberculosis H37Rv was cultured in Middlebrook 7H9 medium with 10% ADC enrichment medium, 0.2% glycerol, 0.02% Tween-80, and 2.5mg/ml amphotericin with agitation. MTb at mid log growth phase at optical density (OD) 0.60 (Biowave Cell Density Meter; WPA, Cambridge, UK) was used in all experiments. MTb endotoxin level was measured by the amoebocyte lysate assay (Associates of Cape Cod, East Falmouth, MA) and was less than 0.3 ng/ml LPS. Tb medium was generated by centrifuging MTb at OD 0.60 at 11,700 RCF (13,000 RPM) for 5 minutes and then sterile filtering the supernatant through an Anopore 0.2 mM membrane (Whatman, Maidstone, UK).
Epithelial Cell Culture
Primary normal human bronchial epithelial cells (NHBE) were cultured in bronchial epithelial growth medium according to supplier's instructions (Cambrex, Wokingham, UK). All experiments were performed between passages 5 and 7. Cell viability at the end of experiments was analyzed by trypan blue exclusion. A549 cells (ECACC 86012804) were maintained in RMPI with 10% FCS, 2 mM glutamine, and 10 mg/ml ampicillin, and all experiments were performed in serum-free medium. 16HBE14o cells (A kind gift of Dr J. Porter, UCL) were cultured on plates that had been coated overnight with a solution of 1 mg/ml bovine serum albumin (Sigma), 1 mg/ml collagen type I (Nutacon, Leimuiden, The Netherlands) and 1 mg/ml human fibronectin (Sigma). Cells were maintained in MEM (Sigma) supplemented with 10% FCS (Biowest, Ringmer, UK), 2 mM glutamine, and 10 mg/ml ampicillin. Cells were subcultured when 80% confluent and experiments were performed in serum-free MEM.
Monocyte Purification and Infection
Primary blood mononuclear cells (PBMCs) were isolated from single donor buffy coats (National Blood Transfusion Service, UK) by density centrifugation through Ficoll Paque, and monocytes were adhesion purified. Monocyte purity was greater than 95% by fluorescenceactivated cell sorter analysis. Monocytes were infected with MTb at multiplicity of infection (MOI) of 1 in RPMI with 2 mM glutamine and 10 mg/ml ampicillin. Cell culture medium was harvested at 24 hours. Medium was spun at 11,000 RCF to remove cellular debris, and then MTb was removed by filtration of the supernatant through a 0.2-mM Anopore membrane. This is a low protein binding membrane that selectively removes MMPs (32) . Medium from uninfected monocytes was termed CoMCont, and from infected monocytes CoMTb.
Experimental Procedure
When NHBE were confluent, they were stimulated with CoMCont or CoMTb at stated dilutions. In direct infection experiments, cells were infected with MTb, washed once after 2 hours to remove nonadherent bacilli, and fresh culture medium was added. Ziehl-Nielsen staining demonstrated that 30% cells were infected at 6 hours at a multiplicity of infection of 10, which is similar to reports of A549 infection rates. Cell culture medium was harvested at specified time points, spun at 11,700 RCF for 5 minutes to remove cellular debris, and then the supernatant was frozen at 2208C. In direct infection experiments, MTb was removed by filtration through a 0.2-mM Durapore membrane (Millipore, Watford, UK).
Gelatin Zymography
Gelatin zymography to analyze MMP-9 concentrations was performed as previously described (33) . Twenty-microliter aliquots of cell culture medium with 53 loading buffer (0.25 M Tris pH 6.8, 50% glycerol, 5% SDS, bromophenol blue) were run on 11% acrylamide gels impregnated with 0.1% gelatin at 180V for 3.5 hours (buffer 25 mM Tris, 190 mM glycine, 0.1% SDS). After incubation in 2.5% Triton X for 1 hour with agitation and two brief washes in collagenase buffer (55 mM Tris base, 200 mM sodium chloride, 5 mM calcium chloride, 0.02% Brij, pH 7.6), gels were incubated for 16 hours in fresh collagenase buffer at 378C. Gelatinolytic activity was detected by a single step stain/de-stain method using 0.02% Coomasie blue in 1:3:6 acetic acid: methanol: water. All experimental samples were run in parallel with 2 ng recombinant MMP-9 (Merck, Nottingham, UK) to standardize between gels. Densitometric analysis was performed by digital image acquisition (UVP) followed by proteolytic band quantification with NIH Image version 1.61.
RNase Protection Assay
Epithelial cells were lysed 24 hours after stimulation using Tri-Reagent (Sigma), and total RNA was extracted. mRNA levels were analyzed by RNase protection assay according to manufacturer's instructions (hMMP-1 template kit; BD Biosciences,) and detected by the North2-South chemiluminescence kit (Pierce, Rockford, IL).
Immunohistochemistry
Immunohistochemistry for MMP-9 was performed on paraffin embedded lung biopsies from six patients with culture-proven active pulmonary MTb infection and five noninfected controls. Sections were probed with MMP-9 mouse monoclonal Ab (Novocastra Laboratories, Newcastle, UK) and antibody was detected with the Menarini nonbiotinylated kit according to manufacturer's instructions. Ethical consent was obtained from the Hammersmith Hospitals Research Ethics Committee for the use of archived lung biopsies.
Cytokine Measurement
Conditioned media from control and MTb-infected monocytes was analyzed using the BD Cyometric Bead Array assay (BD Biosciences) according to manufacturer's instructions on a Becton Dickinson FACSCalibur.
Western Blotting
Forty micoliters of cell culture media with 13 loading buffer (10% glycerol, 5% 2-ME, 2% SDS, 0.06M Tris pH 6.8, Bromophenol blue) were heat denatured and run on a 10% acrylamide gel at 200 V (Running buffer 25 mM Tris base, 192 mM Glycine, 0.1% SDS) for 3 hours. Gels were electro-transferred to a nitrocellulose membrane (Amersham) and blocked for 1 hour with 5% milk protein/0.1% Tween-20. The membrane was probed with anti-human MMP-9 Ab (1/1,000 dilution) overnight, washed, and incubated with peroxidase-conjugate secondary Ab (1/1,000 dilution) for 1 hour. Luminescence was detected with the ECL system (Amersham) according to manufacturer's protocol.
Data Presentation and Statistical Analysis
Data are presented as means 6 SEM of three samples and represent at least two experiments performed in triplicate, unless otherwise stated. Paired groups were compared with the Student's t test. Multiple intervention experiments were compared with the one-way ANOVA followed by Tukey's multiple comparison. A P value of , 0.05 was taken as statistically significant.
RESULTS
MTb Up-Regulates Primary Pulmonary Epithelial Cell MMP-9 Secretion via a Monocyte-Dependent Network
First, we investigated the effect of conditioned media from MTb-infected monocytes (CoMTb) on MMP-9 secretion from NHBE. Stimulation of NHBE with CoMTb at a 1 in 5 dilution resulted in progressive increase in MMP-9 secretion from 48 hours ( Figure 1A ). Densitometric analysis of zymograms demonstrated that MMP-9 secretion was increased 8.7-fold at 96 hours (P 5 0.032) and 3.4-fold at 120 hours (P 5 0.011, Figure  1B ). Inhibition of gelatinolysis by incubation with 10 mM EDTA confirmed that the bands were caused by an MMP (data not shown) and Western analysis confirmed that bands were MMP-9 ( Figure 1C ). Increased MMP-9 secretion by NHBE was secondary to increased mRNA accumulation in CoMTbstimulated cells at 24 hours ( Figure 1D ).
CoMTb, but Not Direct Infection, Causes Dose-Dependent MMP-9 Up-Regulation
The up-regulation of MMP-9 secretion by CoMTb was dose dependent, increasing secretion above CoMCont-stimulated cells at 1 in 5 dilution (P 5 0.003), at 1 in 10 dilution (P 5 0.012), and at 1 in 50 dilution (P 5 0.002, Figure 2A ). Minor upregulation of MMP-9 secretion in CoMCont-stimulated cells was observed, demonstrating that adhesion purification causes basal secretion of inflammatory mediators such as TNF-a, but MTb infection causes much greater production. In contrast to the up-regulation of MMP-9 secretion by CoMTb, direct infection of NHBE with live, virulent MTb at a multiplicity of infection from 0.1 to 20 did not alter MMP-9 secretion ( Figure 2B 
Pulmonary Epithelial Cells Express MMP-9 In Vivo
To investigate whether pulmonary epithelial cells express MMP-9 in patients with Tb, immunohistochemistry was performed on six lung biopsies from patients with active, culture proven MTb infection and five control patients with no evidence of infection. Pulmonary epithelial cells adjacent to Tb granulomas were immunoreactive for MMP-9 ( Figures 3A and 3B) . In contrast, epithelial cells distal to areas of infection did not express MMP-9 ( Figures 3E and 3F) . Isotype control antibodies and the secondary antibody alone did not demonstrate positive staining, confirming specificity of binding ( Figures 3C and 3D) . Not all epithelial cells near granulomas in patients with Tb were immunoreactive for MMP-9, demonstrating that MMP-9 expression is time and stimulus dependent.
A549 and 16HBE14o Cell MMP Secretion Is Divergent from NHBE
To define the best model system, we compared MMP secretion by primary NHBE to A549 and 16HBE14o cells, respiratory epithelial cell lines commonly used to study immunological phenomena (34, 35) . In contrast to NHBE, CoMTb stimulation of A549 cells did not up-regulate MMP-9 secretion ( Figure 4A ). We therefore investigated MMP-9 secretion by TNF-a-stimulated epithelial cells. TNF-a 20 ng/ml caused a significant increase in MMP-9 secretion by NHBE ( Figure 4B ), but A549 MMP-9 secretion was barely detectable even after stimulation with 100 ng/ml TNF-a ( Figure 4C ). TNF-a caused a dose-responsive increase in MMP-9 secretion by 16HBE14o cells, a virally transformed epithelial cell line, but total secretion was less than that by NHBE ( Figure 4D ). Casein zymography demonstrated that TNF-a increased MMP-1 secretion from NHBE, but that A549 cells secreted less MMP-1 that NHBE, but did secrete a protease of low molecular weight that was not secreted by NHBE (data not shown). 16HBE14o cells also displayed divergent MMP secretion from primary cells, with no up-regulation of MMP-1 secretion by TNF-a (data not shown). Therefore, we used primary cells throughout this study.
p38 and ERK MAPK Pathways Are Critical to MMP-9 Up-Regulation by CoMTb
Next, we investigated the intracellular signaling regulating increased MMP-9 secretion by NHBE. p38 MAPK phosphorylation in NHBE is up-regulated by CoMTb stimulation at 30 minutes, while the ERK MAPK is constitutively phosphorylated (36) . Inhibition of p38 and ERK MAPK pathways by specific inhibitors, SB203580 and PD98059 (37), reduced MMP-9 secretion by CoMTb-stimulated NHBE by 53.2% and 48.3%, respectively ( Figure 5 ). No effect on cell viability was observed at these concentrations. Western blotting confirmed that the decreased proteolysis observed on zymography was due to reduced MMP-9 secretion, as opposed to reduced enzyme activity (data not shown). In contrast, incubation of NHBE with indomethacin for 2 hours did not inhibit MMP-9 secretion by CoMTb-stimulated cells, demonstrating that the PG pathway was not necessary for MMP-9 up-regulation (data not shown). Therefore, MMP-9 upregulation by CoMTb requires both the p38 and ERK MAPK pathways, but is PG independent.
TNF-a, but Not IL-1b or IL-6, Is Necessary for CoMTb-Induced MMP-9 Secretion
To further dissect the monocyte-epithelial cell network, we next analyzed concentrations of IL-1b, IL-6, IL-12 p70, and TNF-a in CoMCont and CoMTb, since these monocyte-derived proinflammatory mediators are key in Tb pathogenesis (2) . We confirmed that monocytes infected with MTb secreted increased TNF-a, IL-6, and IL-1b concentrations (data not shown). No difference in IL-12 p70 secretion by uninfected and infected monocytes was detected, excluding its involvement in the intercellular network (data not shown).
We next performed a series of inhibition/replacement experiments to determine which cytokines in CoMTb were driving MMP-9 secretion. Inhibition of TNF-a signaling by 2 mg/ml anti-TNF Ab, a concentration sufficient to inhibit TNF-a activity, completely suppressed MMP-9 up-regulation by CoMTb ( Figure  6A ). The concentration of TNF-a in CoMTb is 157 pg/ml when used at 1 in 5 dilution, but when NHBE were stimulated by 5 ng/ml TNF-a (30-fold more), this was a relatively weak stimulus to MMP-9 secretion ( Figure 6B ). In dose-response experiments, a progressive increase in MMP-9 secretion by TNF-a-stimulated epithelial cells was demonstrated between 0.1 and 100 ng/l, but at 0.1 ng minimal up-regulation of MMP-9 secretion was demonstrated ( Figure 6C ). Therefore, though TNF-a is a vital co-factor for the up-regulation of MMP-9 secretion, it must be acting in combination with other mediator(s), since TNF-a alone is a relatively weak stimulus to MMP-9 secretion but abrogation of TNF-a activity in CoMTb completely suppresses MMP-9 upregulation.
Next, the effects of IL-1b and IL-6 on MMP-9 secretion were investigated. Pre-incubation of NHBE with IL-1 receptor antagonist (IL-1Ra) Figure 6D ). In addition, stimulation of NHBE with either IL1b or IL-6 did not alter baseline MMP-9 secretion (data not shown). Therefore, the network is IL-1b and IL-6 independent. Stimulation of NHBE with key chemokines secreted by MTbinfected monocytes, such as CCL-2 (10-100 ng/ml), CCL-3 (10-100 ng/ml), CCL-5 (1-10 ng/ml), CXCL-8 (1-100 ng/ml), and CXCL-12 (1-100 ng/ml), alone and in combination with TNF-a 1 ng/ml, did not significantly increase MMP-9 secretion above control unstimulated cells (data not shown).
TNF-a Synergizes with MTb-Derived Factor(s) to Drive MMP-9 Secretion
We next investigated whether TNF-a may be acting in synergy with a pathogen-derived molecule, since CoMTb not only contains mediators secreted by the infected monocytes but also MTbderived antigens. NHBE were stimulated with TNF-a 1 ng/ml or Tb medium (generated as described in MATERIALS AND METHODS) at the concentration present in CoMTb. Tb medium alone slightly increased MMP-9 secretion, but in combination with TNF-a 1 ng/ml was a greater stimulus to MMP-9 secretion, causing significantly more upregulation than either individual stimulus (Figure 7) . These data show that a synergistic interaction between a pathogen-derived molecule and host-derived TNF-a drive NHBE MMP-9 secretion. Next, NHBE were stimulated with lipoarabinomannan (LAM), since this is implicated as a major driver of host responses to MTb (38) . LAM alone did not significantly increase MMP-9 secretion, and in combination with TNF-a caused no greater MMP-9 secretion than TNF-a alone (Figure 7) . Thus, it is not LAM in TB medium that is synergizing with TNF-a.
DISCUSSION
We demonstrate that MTb up-regulates pulmonary epithelial cell MMP-9 secretion via a monocyte-dependent network and that pulmonary epithelial cells express MMP-9 in patients with Tb. TNF-a, a key cytokine in the immune response to MTb (2, 7), increases MMP-9 secretion but acts in combination with MTb-derived factors. Intracellular signaling involves the p38 and ERK MAPK pathways. A synergistic interaction between host and pathogen-derived factors increased MMP-9 secretion. MMP-9 knockout mice have deficient granuloma formation and . MMP-9 secretion is driven by TNF-a synergy with Tb medium. NHBE were stimulated with TNF-a 1ng/ml, Tb medium (Tb med 4.7 ml/ml), or LAM (10 mg/ml) either alone or in combination. MMP-9 secretion at 72 hours was analyzed by zymography. TNF-a and Tb medium synergized to up-regulate MMP-9, significantly more than either stimulus alone, but LAM with TNF-a was not greater that TNF-a alone. **P , 0.01. macrophage recruitment after Tb infection (39) , demonstrating that MMP-9 activity is required in the immune response, but in excess MMP-9 may contribute to immunopathology of Tb (18, 20, 22, 38) , promoting the dissemination and persistence of MTb infection (3, 40) .
We observed that MMP secretion differs significantly between primary NHBE and the A549 and 16HBE14o cell lines, with relatively higher baseline MMP-9 secretion by primary cells compared with cell lines. Reduced MMP-9 secretion by A549 cells compared with NHBE has been previously described (30) . However, the divergent MMP-1 secretion between primary cells and A549 cells, and the low molecular weight protease secreted by A549 cells, are novel observations. Since MMPs are implicated in tumor invasion (41) , the divergent MMP secretion between A549 cells and primary NHBE may be related to the malignant origin of A549 cells (34) . Divergent MMP-9 secretion may result in part due to the different culture conditions, since culture on different collagens alters the secretory phenotype (42). Since we observed contrasting MMP secretion between respiratory epithelial cell lines and primary cells, we conclude that use of primary cells is essential for the investigation of MMP secretion by pulmonary epithelial cells.
We demonstrated that the p38 and ERK MAPK pathways, critical regulators of MMP secretion (27, 43) , were necessary for maximal up-regulation of MMP-9 by CoMTb, but that inhibition of these pathways did not completely suppressed MMP-9 secretion. ERK pathway activity has previously been shown to be necessary for MMP-9 secretion by pulmonary epithelial cells (30) , but p38 MAPK regulation has not previously been studied. The PG pathway was not involved in the regulation of MMP-9 secretion, which is divergent from MMP-9 regulation in monocytes where this pathway has a key role (44) . The data are consistent with PG-independent MMP-9 up-regulation in small airway epithelial cells induced by proteinase-activator-2 receptor activation (30) . MMP-9 secretion by NHBE was up-regulated by TNF-a, but not IL-1b or IL-6. The TNF-a effect is consistent with previous reports (24, 45, 46) , but the absence of IL-1b-dependent MMP-9 secretion differs one of these studies (45) . This may reflect a substrate-dependent response since Yao and colleagues cultured cells on type I and III collagen, which alters the cellular phenotype (42) . Inhibition of TNF-a signaling abrogated MMP-9 up-regulation by CoMTb, but TNF-a alone was a relatively weak stimulus to MMP-9 secretion, indicating that TNF-a was necessary but other factor(s) were also involved.
We did not identify other host cytokines or chemokines involved in the intracellular network and therefore we studied pathogen-derived factors, since pulmonary epithelial cells secrete MMPs in response to other infectious stimuli. For example, LPS up-regulates MMP-9 secretion by primary cells (25) and flagellin increases MMP-7 expression in Calu-3 cells (47) . We found that stimulation of NHBE with filtered Tb medium in combination with TNF-a caused more MMP-9 secretion that either stimulus alone. CoMTb caused an 8.6-fold increase in MMP-9 secretion at 72 hours, while TNF-a 1ng/ml with Tb medium caused 5.8-fold increase in MMP-9 secretion. This is the first demonstration of synergy between a host-derived factor and pathogen-derived antigens driving MMP secretion. LAM, a key MTb antigen, was not involved, but antigens encoded by the region of difference 1 (RD1) region of MTb, such as ESAT-6 and CFP-10, may be critical since the vaccine Mycobacterium bovis BCG, which lacks RD1, is a less potent stimulus to MMP-1 secretion in macrophages (48) . Additional host inflammatory mediators must also be involved in the network, since Tb medium with TNF-a did not up-regulate MMP-9 secretion as potently as CoMTb. In other infectious syndromes, host-and pathogen-derived molecules may similarly synergize to cause pathology, such as TNF-a and bacterial products together causing hemorrhagic necrosis and lethal endotoxic shock in mice (49) .
In summary, we identify a key mechanism whereby MTb can drive MMP-9 release from stromal cells via a monocytedependent network. Maximal up-regulation of protease secretion involves both host-and pathogen-derived soluble factors. Historically, the immunopathology of Tb has been considered primarily due to an excessive inflammatory host response (50) . Our data support a subtle shift in this paradigm to one in which host-derived factors synergize with mycobacterial antigens to stimulate MMP-9 release and thus drive tissue destruction.
